Osteoglossomorph fishes are unique in possessing a specialized feeding mechanism, the tongue-bite apparatus (TBA) involving the hyoid apparatus. The TBA is associated with two unique behaviour patterns -raking and open-mouth chewing -used to disable and macerate prey. The kinematics of these two behaviours was compared in two species of knifefishes (family Notopteridae): Xenomystus nigri (Gunther, 1868) and Chitala ornata (Gray, 1831) using high-speed video (250 frames s-I). Both univariate and multivariate analyses indicated that there were significant interspecific differences in both raking and open-mouth chewing. Raking can be divided into three stages; the preparatory phase, power stroke, and recovery phase. During the power stroke posterior motion of the pectoral girdle and neurocranial elevation both appear to play a major role in prey reduction. In Xenomystus the power stroke involves significantly greater levels of neurocranial elevation (35") and pectoral girdle motion (38% of head length; 9.5") than that found in Chitala (neurocranial elevation 11"; pectoral girdle motion 11% of head length and 5"). Indeed, Xenomystus represern3s the most extreme raking behaviour of any osteoglossomorph thus f a r studied. Temporal displacement variables demonstrated that the power stroke in Xenomystus is significantly faster than in Chitala. Although some of the interspecific differences might be size related, these data suggest that a greater degree of difference exists in these highly specialized behaviours than previous work has demonstrated. These findings support. the notion that biomechanical duplication (an additional ligament found in osteoglossomorphs) could be linked to increased functional versatility.
INTRODUCTION
Prey acquisition in aquatic vertebrates has been the focus of functional morphologists for some time (for review, see Lauder, 1985) which has provided important insights into the diversity of prey acquisition systems (Lauder, 1985; Westneat & Wainwright, 1989) . Post-capture prey processing has also been the subject of functional analysis. For example, prey transport. (Drucker & Jensen, 1991; Gillis & Lauder, 1995) , pharyngeal jaws (Wainwright, 1989; Lauder & Wainwright, 1992) , pharyngobranchial organ (Harrison & Howes, 1991) , vomerine teeth (Norton, 1988) , and the palatal organ (Sibbing, Osse & Terlouw, 1986) . However, there are few cases of specialization in the hyoid apparatus for prey processing and reduction. The only E-mail: christopher.p.sanford@hofstra.edu teleostean groups known to possess a 'novel feeding system' involving the hyoid are the osteoglossomorph, esocoid, osmerid and salmonid fishes (Lauder & Liem, 1983) . In osteoglossomorphs, this system, namely, the tongue-bite apparatus (TBA) consists of a set of welldeveloped teeth on the ventral surface of the neurocranium and an opposing set of teeth on the basihyal. This functional complex represents a system that has become functionally decoupled to provide a novel way of macerating and disabling prey (Sanford & Lauder, 1989 ,1990 . In a previous study I found that the TBA is used in two distinct and unique behaviours: raking and open-mouth chewing (Sanford & Lauder, 1989) . The first of these, raking, involves stabilizing the prey by closing the mandibular jaw apparatus at the front. The basihyal teeth are then 'raked through the prey. Neurocranial elevation during basihyal retraction results in a shearing action between the two sets of well-developed teeth comprising the TBA. The second behaviour, open-mouth chewing, also involves the TBA and is characterized by a more dorsoventral component of the hyoid movement. Both behaviours result in significant evisceration and maceration of the prey and represent a highly effective means of disabling elusive prey in addition to facilitating digestion.
The purpose of the present study was to determine the degree of interspecific differences of behaviours associated with the TBA in two members of the family Notopteridae. The Notopteridae are a family of basal teleosts composed of four genera and eight species. The taxa chosen for this study were the African knifefish, Xenomystus nigri (Giinther) and the clown knifefish, Chitala ornata (Gray) (previously Notopterus; this species is now recognized as belonging to the genus Chitala; see Roberts, 1992), also based on Roberts' (1992) description I have identified this species as Chitala o m t a and not Chitala chitala. These species were chosen because they represent two closely related genera within the family Notopteridae and exhibit similar fusiform bodies and cranial anatomy. For a detailed description of the anatomy associated with the TBA in these taxa see Greenwood (1971 Greenwood ( ,1973 and Sanford & Lauder (1989) . While Chitala was part of the original study (Sanford & Lauder 1989 ,1990 ), individual variability was not taken into account. Furthermore, the original study only used two to three sequences for each individual, and only goldfish (Camsius) were used as the prey type. Recent work has demonstrated that different prey types cause modulation of the feeding behaviour in Chitala (Frost & Sanford, 1999) . Thus, in order to make direct comparisons between Xenomystus and Chitala for this study it was necessary to use the same prey type and a balanced experimental design. The present study is also dependent on the earlier studies, as a broad comparison is made between the family Notopteridae, Osteoglossidae and Pantodontidae. This broader comparison is necessary to highlight the degree of difference between the more closely related members of the Notopteridae, namely Xenomystus and Chitala.
The goals of the present study are to: (1) quantitatively determine the degree of interspecific variation of behaviours associated wi n the TBA in two more closely related taxa than those previously studied (Sanford & Lauder, 1990); (2) determine the level of modulation of this system (i.e. compare raking and openmouth chewing within each species); (3) provide a measure of the interindividual variability when using the TBA. The inter-and intraspecific variability of the tongue-bite needs to be assessed in order to determine the functional flexibility of the behaviour and its plasticity across species. This will provide a platform for the detailed analysis of the evolution of this novel feeding mechanism. and Greenwood (1970 and Greenwood ( ,1971 and Greenwood ( ,1973 . The 'tongue' here refers to the hyobranchial elements associated with the basihyal and is not meant to imply homology with the fleshy tongue of tetrapods.
MATERIAL AND METHODS

SPECIMENS
HIGH-SPEED VIDEOGWHY High-speed video of Xenomystus and Chitala feeding was obtained using a NAC HSV-500. All filming was performed at 250 frames s-'. Illumination was provided by a synchronized stroboscopic light and two 600 watt Testrite QC6 quartz filming lights. Specimens were placed in individual tanks and for the first week trained to feed on pieces of worms under filming lights. A clear plexiglass sheet (with a grid marked in 1 cm squares) was inserted into the tank during the second week. At this time a white plastic sheet was also placed at the back of the tank to enhance contrast of the outline of the specimen during filming. Following a second week of training, feeding was filmed every three days. The interval between each feeding sequence was consistent for all individuals and species to eliminate any effect of hunger on behaviours associated with the TBA.
KINEMATIC VARIABLES
Anatomical landmarks for variables were chosen that (1) were readily identifiable, (2) exhibited the least lateral movement relative to the lens of the camera, Figure 1 . Lateral schematic view of the head and anterior body of Chitala ornata to illustrate the kinematic variables measured from the high-speed video of feeding behaviour. Variables measured were gape distance (GD, in cm), lower jaw angle (MA, in degrees), hyoid depression @ID, in cm), neurocranial elevation (NELE, in degrees), pectoral girdle distance ( E D , in cm), and pectoral girdle angle (PGANG, in degrees). The dashed line represents the reference line (=lateral line) for both angle variables.
(3) were minimally obstructed by the prey, and (4) allowed direct comparison across behaviours. Each video sequence was viewed using a JVC HRS-5100U video recorder. From over 100 chewing sequences of each individual, five rake and five open-mouth chewing sequences from each of four individuals were selected for digital analysis. Only chewing sequences in which the individual was parallel to the plane of the lens of the camera were selected for analysis. In addition, sequences were selected when (1) landmarks used for digitizing were clearly visible (see below), and (2) the behaviour chosen was separated from another behaviour by at least 50 ms either before or after. Every other frame of the high-speed video tape (representing 8 m s increments) was converted into a digital format using a Hotronics time base corrector linked to a computer with a PC Imaging board. An average sequence was 38 frames long encompassing 304ms.
Following prey capture a 'time zero' was selected from each sequence that allowed direct comparison between species, behaviours and individuals. The zero time was defined as the frame before the onset of neurocranial elevation, representing the onset of both raking and open-mouth chewing. A number of kinematic variables were measured frame by frame using Measurement TV software (Updegraff, 1993) . A total of approximately 3100 frames were digitized in this study.
From each video frame the following variables were measured and were consistent with those measured by Sanford & Lauder (1989 ,1990 ) (all linear distances were measured in cm; angles in degrees; and times in ms).
Gape distance (GD) was the linear distance between the anterior tip of the upper and lower jaw (Fig. 1) . No linear measurements were corrected to represent 0 cm a t time zero as this would not allow differences in initial position of the jaw to be accurately interpreted.
Changes in gape distance can result from movement of both the neurocranium and lower jaw; thus both neurocranial elevation and lower jaw angle were measured to determine the relative contribution of each.
Lower jaw angle (MA) was the change in angle between the ventral margin of the lower jaw and the lateral line (Fig. 1) . This angle reflects movement of the lower jaw relative to the axis of the body. An increase in this angle represents elevation of the lower jaw. All angle measurements were corrected to 0" at time zero.
Hyoid depression (HD) was the perpendicular distance from the ventral margin of the lower jaw (Fig.  1) .
Neurocranial elevation (NELE) was the angle of the neurocranium with respect to the lateral line. An increase in this angle represents neurocranial elevation.
Pectoral girdle distance (F'GD) was the distance between the tip of the rostrum and the anterior insertion point of the pectoral fin (Fig. 1) . Neurocranial elevation could artificially inflate PGD. However, a second measure of the pectoral girdle distance verified that the effect of neurocranial elevation was negligible.
Pectoral girdle angle (PGANG; Fig. 1 ) was the angle between the lateral line and a line defined by the region of the posttemporal bone and the anterior insertion of the pectoral fin. This angle represents a measure of the anteroposterior movement of the pectoral girdle. An increase in pectoral girdle angle represents movement of the pedoral girdle posteriorly.
Velocity of pectoral girdle retraction (in cm s-') was calculated during raking, and the velocity of mouth opening (in cm 5-') was calculated only for open-mouth chewing as the magnitude of change in gape was too small during raking. Velocity of variables was calculated as the distance traveled between video OMC RGKE A typical kinematic plot of raking and open-mouth chewing is depicted in Figure 2 ; while mean kinematic plots for each behaviour and species are depicted in Figure 3A , B.
The following derived variables were used for all statistical analyses (as before all linear distances were measured in cm; angles in degrees; and times in ms):
(1) amplitude of gape distance, which was the change in gape from time zero to maximum or minimumdepending on behaviour -gape distance; (2) maximum jaw opening velocity (in cm s-') (this variable was only used in comparisons of open-mouth chewing; see above); (3) amplitude of lower jaw angle representing the maximum or minimum -depending on behaviour -change in angle from time zero; (4) the maximum hyoid depression which was the maximum distance of the hyoid from the ventral margin of the dentary Variables shown are mean gape distance (GD, in cm), lower jaw angle (LTA, in degrees), neurocranial elevation (NELE, in degrees), and pectoral girdle distance (FGD, in cm).
(maximum hyoid depression rather than difference from time zero was used as there were a number of feeding cycles in which the hyoid was not visible at time zero); (5) amplitude of neurocranial elevation representing the maximum elevation of the neurocranium from time zero; (6) amplitude of pectoral girdle displacement which was the change in distance from time zero to maximum retraction; (7) maximum velocity of pectoral girdle retraction (in cm s-') representing the maximum velocity of the pectoral girdle as it moves posteriorly (this variable was only used in comparisons of raking; see above); (8) angular displacement of pectoral girdle (in degrees) which represents the change in angle from time zero to peak angle representing angular displacement of the pectoral girdle posteriorly. In addition to the amplitude variables, temporal variables were also derived from the individual kinematic plots representing the temporal course of movement. All temporal variables were measured from time zero.
STATISTICAL ANALYSIS
Descriptive statistics for the 16 derived variables are presented in Table 1 and were used to interpret the kinematic patterns associated with each species and behaviour. The two species however, differ significantly in size and any linear distance variables might be subject to a size effect (Richard & Wainwright, 1995) . Therefore, all distance variables were calculated as a percentage of head length ( arcsine transformed ratios in lieu of an analysis of covariance (ANCOVA) because the mean covariate (in this case HL) of Xenomystus and Chitala were significantly different (t-test of HL P<O.OOl).
As proportions generally form a binomial, rather than normal distribution, all ratios were arcsine transformed before any statistical analyses were performed (Zar, 1996) . As the original data was available the transformation follows that of Freeman & Tukey (1950) . All arcsine transformed ratio variables were verified for normality.
The second analysis, to test the degree of interspecific difference, was a two-way mixed model ANOVA with a nested level. The fixed species effect, and random individual factor (nested within species) was crossed with the fixed behaviour factor. The F-ratio of species effect was constructed by using the species mean square as the numerator and individual mean square as the denominator (Zar, 1996) . The F-ratio for the behaviour factor was constructed using behaviour mean square as the numerator and mean square interaction term (individual*behaviour) as the denominator. In those cases where a significant interaction term (species*behaviour) was found, Tukey-Kramer post-hoc tests were performed on cell means in order to determine which behaviour was responsible for interspecific differences. Five replicate feedings within each behaviour for each fish constituted the contents of a single cell in this ANOVA design. 
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The third analysis was designed to determine if interspecific differences exist -in raking behaviour, and open-mouth chewing behaviour -at a multivariate level. I performed a principal components analysis (PCA) to assess multivariate differences between species in each behaviour. In the PCA the variables involving hyoid distance had missing values (due to obscured landmarks) and were not used as they would result in a missing value for all principal component scores. A second PCA was conducted using only angular displacement variables (not subject to a size effect Richard & Wainwright, 1995) and produced scatterplots very similar to the PCA that included transformed linear displacement variables, indicating that the use of arcsine transformed ratios did not bias interspecific comparisons.
Fourth, a multivariate analysis of variance (MANOVA) was performed on the factor scores from the PCA. This MANOVA tested whether a significant difference exists between the centroids of the two species polygons.
Finally a least-squares regression analysis was performed on two key linear displacement variables (one from each behaviour) in order to estimate the effect of size on these variables. Least-squares regression was chosen because my main objective was to determine the effect of head length on these variables rather than the nature of the relationship between variables. Head length is better at predicting cranial movements than standard length (Richard & Wainwright, 1995) .
All statistical analyses were performed using the microcomputer statistics package SYSTAT 7.01. All results are presented as mean x SEM.
RESULTS
KINEMATIC OVERVIEW
Feeding in osteoglossomorphs can be divided into (1) the strike, (2) raking, (3) open-mouth chewing, (4) intraoral transport, and (5) swallowing. Only raking and open-mouth chewing are behaviours directly involving the TBA and are, therefore, the focus of this study. The most salient features of raking are a significant elevation of the neurocranium and concomitant posterior movement of the pectoral girdle (see below). Several rakes occur within a cycle and several cycles will take place per prey item. Both the number of rakes per cycle, and the number of cycles increase with larger prey items.
Open-mouth chewing is characterized by large changes in gape distance and smaller changes in neurocranial elevation as compared to raking. A representative kinematic profile of open-mouth chewing followed by raking in Xenomystus is presented in Figure 2. RAKING BEHAVIOUR Based on kinematic data raking can be divided into three stages: the preparatory phase, power stroke and recovery phase (Fig. 3A) . The preparatory phase was characterized by a small decrease in gape distance and a marked decrease in neurocranial elevation (Fig. 3A) . At the end of the preparatory phase in Xenomystus there is a slight depression of the lower jaw not evident in the preparatory phase of Chitala (Fig. 3A) . This local depression of the lower jaw in Xenomystus did not result in an increased gape as the neurocranium was being depressed at the same time. The power stroke during raking was characterized by a sudden increase in neurocranial elevation (Figs 2, 3A) , and a concomitant increase in pectoral girdle distance reaching a local maximum (Figs 2, 3A) . The recovery phase results in all variables returning to their approximate resting levels.
In both Xenomystus and Chitala the power stroke of raking was characterized by an increase in elevation of the neurocranium and a concomitant posterior movement of the pectoral girdle (Fig. 3A) . However, the average peak elevation of the neurocranium was significantly greater in Xenomystus than in Chitala (Table  1 ; Fig. 4A ). In addition, the time taken to reach this peak in Chitala was approximately 135ms, significantly longer than in Xenomystus (60ms Table 1 ; Fig. 4B ).
The change in gape for Chitala was small (Table l) , significantly less than that found in Xenomystus (Fig.  4A) . In Chitala the minimum gape was reached approximately 47ms after the onset of raking (Table 1 ; Fig. 4B ). In Chitala the time interval between minimum gape and most other peak variables was approximately 50ms; longer than the delay in Xenomystus which was approximately 10 ms (Table 1) . In both Chitala and Xenomystus the early peak of gape distance relative to other variables reflects a slight opening of the jaw as the peak values of the power stroke are reached.
In Chitala the magnitude of change in gape was small, thus the increase in lower jaw angle reflects a dorsal rotation of the neurocranium (compare profiles of lower jaw angle and neurocranial elevation, Fig.  3A ). Peak lower jaw angle differs significantly from Xenomystus (Tables 1,2; Fig. 4A, 4B ). The peak lower jaw angle precedes peak neurocranial elevation (Table  1) indicating that, as in Xemmystus, the mandibular jaws were slightly released prior to peak neurocranial elevation.
Raking behaviour in Chitala was also characterized by a large posterior movement of the pectoral girdle (see Table 1 ). Furthermore, the posterior movement of the pectoral girdle was shorter in duration than the peak angular displacement of the neurocranium. In amplitude of arcsine transformed gape distance ratio (AM -GDR), lower jaw angle (AM -LJA, in degrees), neurocranial elevation (AM -NEW, in degrees) and arcsine transformed pedoral girdle distance ratio; (B) time (in ms) to maximum peak gape distance ('IM-GD), lower jaw angle ('IM-IJA), neurocranial elevation (TM-NEW) and pectoral girdle distance ('IM -FGD). Note that significant species*behaviour interactions are signified by lines that diverge from one another (e.g, time to maximum gape), while no species*behaviour interaction is indicated by lines that are approximately parallel (e.g. amplitude of gape distance ratio). $ ANOVA was performed on raking behaviour only.
contrast, Xenomystus reaches peak neurocranial elevation and maximum pectoral girdle movement at approximately the same time (Table 1) . The velocity profile for the pectoral girdle movement in Chitala was remarkably similar t o that in Xenomystus. The peak values a n d time to peak values showed no significant difference (Tables 1, 3) . The time to reach peak hyoid distance in Chitala w a s significantly longer than in Xenomystus (Table 1) .
OPEN-MOUTH CHEWING BEHAVIOUR
Open-mouth chewing can be characterized by a pro- gape distance and lower jaw angle). The onset of openmouth chewing was associated with an abrupt change in both gape distance and lower jaw angle along with a modest change in neurocranial elevation (Fig. 3B) .
Open-mouth chewing in Chitala was characterized by a different kinematic pattern in the gape profile from that found in Xenornystus (Fig. 3B) . The Table 1) .
The maximum change in distance of the pectoral girdle during open-mouth chewing was larger than that found in Xenornystus (Table 1) . However, when size-corrected this change represents a smaller excursion than that found in Xenornystus (Fig. 4A) .
STATISTICAL ANALYSIS OF KINEMATICS
The two-way nested ANOVA showed significant species effects in all variables except the amplitude of hyoid depression ( Table 2 ). The overall pattern of significance (Table 2) indicated that these species exhibit distinct kinematic patterns. However, any significance in the interaction term (species*behaviour; found in 6 of the 12 variables) could be indicative of differences between species that are not consistent across behaviours. Thus, in those cases where there was a significant species*behaviour interaction, ANOVAs were performed on each behaviour separately to determine interspecific differences.
Patterns of behavioural differences were also present in 8 of the 12 variables. In those variables that showed significant species*behaviour interaction there was also a significant species and behaviour effect, except amplitude of lower jaw angle that only showed a significant species effect. The pattern of species*behaviour interaction can be viewed graphically in Figure 4A , B; where a lack of any interaction is indicated by parallel lines joining mean values (e.g. Fig. 4 A gape distance; Fig. 4 B time to maximum lower jaw angle). In cases of a significant species*behaviour interaction these lines will diverge (e.g. Fig. 4 A lower jaw angle; Fig. 4B : time to maximum gape distance).
PRINCIPAL COMPONENTS ANUYSIS
Patterns of kinematic variation between species are summarized in Figures 5A, B . Each behaviour was analysed separately allowing a direct comparison of interspecific differences. The loadings of all variables in each analysis are presented in Table 4 .
Raking
In raking, the first two principal components accounted for a total of 58% of the variation in the data set. A plot of the two first two principal components illustrate that Xenomystus can be clearly distinguished from Chitala in feeding kinematics. There was no overlap of the species polygons. Indeed, separate univariate F tests on each principal components scores revealed that principal component 1 showed a significantly different kinematic pattern among species; that is, the two centroids are significantly different from one another along principal component 1 (Fig. 5 4 P<O.001, df= 1,  39) . The kinematic patterns, however, did not differ significantly along principal components 2, 3 and 4 (P=0.22, 0.47 and 0.77 respectively; df= 1,39). When all principal component scores were considered together a multivariate test revealed that there was a significant difference between the two behaviours (Wilks' Lambda P<O.001, df=4,36).
In the PCA plot of raking, high scores on principal component 1 are associated with an increased mean peak gape, lower jaw angle, neurocranial elevation and pedoral girdle movement; along with a reduced time to peak neurocranial elevation and pedoral girdle movement (Table 4 ; Fig. 5A ). These are all characteristic features in which Xenomystus differs from Chitala. All of these variables showed a significant species effect in the univariate ANOV' performed on each variable separately (Table 2) .
Open-mouth chewing
In open-mouth chewing the first two principal components accounted for 64% of total variation in the data set ( Table 4 ). The plot of principal components 1 and 2 revealed no overlap between species polygons (Fig. 5B) Fig. 5B ). These differences were further supported by the univariate ANOVAs performed on each variable separately (!I' ables 2, 3). Table 4 . Note that each species has a distinct pattern of raking (the polygons do not overlap). Abbreviations are: AM-GDR, amplitude of gape distance ratio; AM-MA, amplitude of lower jaw angle; AM -NEW, amplitude of neurocranial elevation; AM -PGDR, amplitude of pectoral girdle distance ratio; TM -GDR, time to maximum gape distance ratio; TM -VelGD, time to maximum velocity of gape distance; TM -UA, time to maximum lower jaw angle; TM-NELE, time to maximum neurocranial elevation; and TM-PGD, time to maximum pectoral girdle distance.
Principal component 2 loads high and positively in only one variable: mean peak neurocranial elevation (Fig. 5B) , which is greater in Xenomystus than in Chitala (Fig. 4A ).
DISCUSSION
The results of the present study demonstrated that within the Notopteridae two distinct behavioural patterns are associated with the TBA, namely, raking and open-mouth chewing. Eight of twelve variables showing a significant behaviour effect (Table 2) .
RAKING IN OSTEOGLOSSOMORPHS Raking can be divided into three distinct stages: preparatory phase, power stroke and recovery phase. The preparatory phase of raking in Xenomystus differs from that in Chitala as there was a slight depression of the lower jaw just prior to the onset of the power stroke (Fig. 3A) . At the onset of the power stroke (characterized by the sharp increase in neurocranial elevation and posterior pectoral girdle movement) both Xenomystus and Chitala close the mouth stabilizing the prey item.
During the power stroke when the basihyal teeth are raked posteriorly over the stabilized prey item, both Xenomystus and Chitala reach peak gape prior to most other variables (Table 1) . In osteoglossomorphs the sharp posterior movement of the pectoral girdle during the power stroke results in a posteroventral force on the lower jaw prior to peak raking. This posteroventral force on the lower jaw would be transmitted from the pectoral girdle to the mandible via the sternohyoideus-hyoid-mandibular jaw depression mechanism (Liem, 1980; Lauder, 1985) , thereby accounting for the gape increase during the latter stages of the power stroke (Fig. 3) .
When compared to Chitala, raking in Xenomystus involved significantly greater and faster movements Tables 2, 3 ). The interspecific differences were also evident in the PCA ( Fig. 5A ; Table 4 ). Time to peak neurocranial elevation and pectoral girdle movement were also significantly shorter during raking in Xenomystus (Table 1 ; Figs 4B, 5A ). The strength of contraction, or architecture of the fibre makeup of the muscles associated with posterior movement of pectoral girdle and the dorsal rotation of the neurocranium might account for the differences observed between Xenomystus and Chitala during the power stroke of raking. For example, it has been demonstrated that in largemouth bass (Micmpterus salmoides) epaxial muscles used to elevate the neurocranium can be regionally controlled depending on behaviour (Thys, 1997).
Of particular interest is that during raking, velocity of pectoral girdle motion (a variable that should be subject to a size effect; Richard & Wainwright, 1995) was greater in the smaller species, Xenomystus ( Table  1 ) . It is also noteworthy that an ANOVA performed on the raw distance measure of pectoral girdle distance demonstrated that the smaller Xenomystus retracts the pectoral girdle significantly more than does Chitala (Table 1) . Furthermore, the pectoral girdle angle (size independent) was also significantly greater in Xenomystus than in Chitala during raking (Tables 1, 2) .
Overall, raking in Xenomystus is a much quicker behaviour, mean amplitudes reaching their peak at approximately 60 ms, half the time it takes in Chitala (Table 1; Fig. 4B ). It is possible that the short duration of raking in Xenomystus is reflective of the size difference between the two species. For example, Richard & Wainwright (1995) showed that smaller fish have shorter times to maximum displacement of kinematic variables during fish feeding. It is interesting however, that the time to maximum gape distance and time to peak velocity of pectoral girdle retraction during raking was longer in Xenomystus (the smaller of the two species; see Table 1 ; Fig. 4B ). These two timing variables do not fit the general pattern of scaling and allude to patterns of motion that are not related to size. Direct statistical comparisons to other species of osteoglossomorphs was not possible (due to the different prey types used). However, kinematic comparisons of four species of osteoglossomorphs are presented in Table 5 . It is evident that raking is a fast behaviour in Xenomystus and Pantodon. This is most likely due to size, as these two species were the smallest studied. During raking, Xenomystus, Osteoglossum and Pantodon use extensive neurocranial elevation resulting in the shearing action between the two sets of teeth comprising the TBA (Table 5) . While Osteoghssum and Pantodon use neurocranial elevation more than pectoral girdle retraction during the power stroke of raking, Xenomystus seems to rely as much on pectoral girdle retraction (0.84cm or 38% of head Data used in the present study; SEM for these variables given in Table 1. length). Indeed, pectoral girdle retraction in Xenomystus is greater than that in Chitala (the largest of the species studied). Xenomystus thus represents the most extreme raking behaviour of any osteoglossomorph thus f a r studied with the greatest neurocranial elevation (35") and posterior excursions of the pectoral girdle (Table 5) . Cranial displacements as large as 40" have been reported in the teleost fish
Luciocephalus p u k h e r (Lauder & Liem, 1981) . However, this was during the strike and not a post-capture behaviour.
In both Xenomystus and Chitala the strongly recurved teeth of the basihyal add to the effectiveness of the ventral component (i.e. basihyal dentition) of the TBA during the power stroke. The small posterior movement of the pectoral girdle in Osteoglossum and Pantodon may reflect the somewhat reduced dentition and concave surface of the ventral component of the TBA in these taxa.
In s u m m a r y , raking is significantly different between the notopterids (Fig. 5 A MANOVA, P<O.Ool).
The principal components analysis showed no overlap between the two species. Furthermore, raking behaviour within Xenomystus seems more stereotyped as evidenced by the small volume occupied by the Xenomystus PCA polygon (Fig. 5A) . 
OPEN-MOUTH CHEWING IN OSTEOGWSSOMORPHS
Open-mouth chewing in both Xenomystus and Chitala showed a general pattern of reduced mean amplitudes in all variables when compared to raking ("able 1; Fig. 4A ). This phenomenon is also evident in other osteoglossomorph species examined ("able 5). In notopterids, exceptions to this general pattern were amplitude of gape distance and amplitude of lower jaw angle (Fig. 4A) Frost & Sanford, 1999) .
It is interesting to note that open-mouth chewing in Xenomystus had a maximum velocity of gape opening greater than that of Chitula (Table l) , indicating a variable that contrasts with predicted scaling effects.
SIZE EFFECTS
It is likely that some of the inter-and intraspecific differences observed here are related to size. In order to determine some estimate of the effect of size on untransformed linear distance variables, two key variables that showed interspecific differences (one from raking and one from open-mouth chewing) were chosen for further analysis using least-squares regression. These plots are presented in Figure 6A & B. In raking the linear measure of pectoral girdle retraction does not scale isometrically between Xenomystus and Chitala (Fig. 6A) . The slopes however, reveal a scaling Head length (cm) effect within each species that is not consistent between species; thus Xenomystus and Chitala possess allometric differences that cannot simply be explained by size alone. This conclusion is supported by the observation that pedoral girdle angle (a measure of pedoral girdle movement not subject to scaling effects) was significantly different between species (Table 2) . In contrast, during open-mouth chewing gape distance increases with head length but the slopes are not significantly different from zero ( Fig. 6B : -0.05) suggesting that, within each species, there is no scaling effect on this variable for the size range used; thus further supporting the use of ratios rather than analysis of covariance for this variable.
The results of the regression analysis strongly indicate that the scaling pattern for the two variables selected is different. For example, pectoral girdle distance scales in a positive fashion while gape distance does not (see above). Caution however, must be applied to these findings as the sample size and size range within each species is small (for example, compare to the size range used by Richard & Wainwright, 1995) .
In spite of an established effect of size on linear distance, velocity and timing variables, this study clearly shows significant interspecific kinematic differences using size-independent variables such as angles. In addition, during raking, variables such as time to peak gape distance, amplitude of pectoral girdle distance, maximum velocity of pectoral girdle distance and time to maximum velocity of pectoral girdle distance do not conform to predicted scaling effects (Table   1 ; Fig. 4A, B) . During open-mouth chewing the same is true for maximal velocity of gape. However, future work on scaling effects within and between taxa is needed.
CONCLUSIONS
The present analysis demonstrates a broad pattern of behavioral variation associated with the TBA in two closely related osteoglossomorphs, Xenomystus and Chitala. These taxa possess very similar morphologies, both in body form and in the architecture of the TBA What changes are necessary to produce a novel feeding mechanism (the TBA) from elements that are part of another system? What causes the function of this feeding mechanism to radically differ between species? It has been hypothesized that an increase in the number of independent elements present in a functional system increases the number of degrees of freedom; thus increasing functional versatility (functional decoupling hypothesis -Lauder & Liem, 1989; Roth & Wake, 1989; Galis, 1996) . Furthermore, it has also been suggested that a major source of functional decoupling is the duplication of biomechanical linkages (Emerson, 1988; Lauder & Liem, 1989) . As discussed in detail by Sanford & Lauder (1990) osteoglossomorphs possess a duplicated biomechanical linkage in the form of a cleithrobranchial ligament (providing an additional biomechanical linkage between the pectoral girdle and the hyobranchial system). The primary linkage between the pectoral girdle and the hyobranchial system being provided by the sternohyoideus muscle (the primitive condition). This duplication could have contributed to the functional versatility of behaviours associated with the TBAby freeing the sternohyoideus muscle to act as a modulator. The role of biomechanical duplication in providing a platform for increased functional versatility is supported by the findings here, in that both behaviours associated with the TBA demonstrated a high degree of interspecific differences even among closely related taxa. Previous work by Sanford & Lauder (1989) alluded to differences existing between osteoglossomorph taxa (Chitala, Pantodon and Osteoglossum) that were more distantly related to one another than those used in this study. The study of Sanford & Lauder (1990) also demonstrated a broad overlap in the PCA of open-mouth chewing between the three species of osteoglossomorphs. The results here indicate that there is an even greater level of divergence in kinematic patterns between two more closely related taxa -Xenomystus and Chitulu -that belong to the same family (cf. Fig. 5B and fig. 11 Sanford & Lauder, 1990) . Without investigation of a broader range of osteoglossomorphs, the reasons for such a divergence in kinematic patterns remain unclear. However, the results of the present study strongly support the notion that similarity of morphology -the TBA -does not imply kinematic similarity. The concept of divergence between morphology and kinematic patterns has also been observed in flatfish feeding behaviour (Gibb, 1997) and winnowing by surfperches (Drucker & Jensen, 1991) .
In summary, both raking and open-mouth chewing utilize the TBA and kinematic patterns differ for each behaviour; and within each behaviour for each species (Table 2 ; Figs 5A, B; also see Sanford & Lauder, 1989 ).
These differences exist in linear distance, velocity, angle, and timing variables and are not restricted to any specific class of variable. While some of the interspecific differences found here could be attributed to size (in raking: temporal variables relating to lower jaw angle, hyoid distance, neurocranial elevation, pectoral girdle distance, and pectoral girdle angle; and in open mouth chewing: amplitude of hyoid and pectoral girdle distance, and all temporal variables), there are several differences that cannot (in raking: amplitude of gape, lower jaw angle, neurocranial elevation, pectoral girdle distance, velocity of pectoral girdle distance, pectoral girdle angle, time to maximum gape, and time to maximum velocity of pectoral girdle distance; and in open-mouth chewing: maximum velocity of gape opening, lower jaw angle, neurocranial elevation, and pectoral girdle angle).
The structural elements making up the TBA are present in other teleostean fishes. How has this functional novelty become decoupled from its original function (that include;, prey transport, depression of the mandible and support of the gill arches) to perform such a unique behavioral pattern of disabling and shredding its prey?
The morphology of the TBA is almost identical in Xenomystus and Chitalu. Thus, interspecific differences in the kinematic patterns associated with the TBA must be mediated by changes in the neuromuscular control patterns. Earlier work on Chitala demonstrated that there were large differences in the motor activity patterns during raking and open-mouth chewing (Sanford & Lauder, 1989) . A fruitful avenue for future research would be a study of the muscle activity patterns associated with the TBA in Xemmystus. Raking and open-mouth chewing clearly represent a decoupling of the hyobranchid system within teleosts. However, understanding just how the motor pattern has allowed decoupling of this system remains to be investigated. Recent work on terrestrial feeding mechanisms has revealed that prey crushing and transport in the lizard Agama stellio is caused by a motor feedback mechanism (Herrel, Cleurenet & De Vree, 1997) . Is raking in osteoglossomorphs driven by a modified transport motor pattern, or does it rely on a novel motor pattern?
